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ABSTRACT

A physicochemical interpretation is given for the calc-alkali dif-
ferentiation series of igneous rocks as distinguished particularly from
gabbroic series such as the Skaergaard complex. It is found that, con-
trary to previous assumptions, the oxygen fugacity decreases markedly
during calc-alkaline differentiation and in this way resembles the situ-
ation in gabbroic complexes. The affinity of water for the melt has the
important consequence of increasing the solubilities of the quartzo-
feldspathic components more than those of the ferromagnesian com-
ponents, so that the phase boundaries are shifted toward lower liquidus
temperatures. The result is that the courses of the crystallization
paths are directed into a region of quartzo-feldspathic rather than
gabbroic liquids.
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SUMMARY

A physicochemical interpretation is given for the calc-alkali differentiation series of igneous
rocks as distinguished particularly from gabbroic series such as the Skaergaard complex. Itis
. found that, contrary to previous assumptions,the oxygen fugacity decreases markedly during calc-
alkaline differentiation and in this way resembles the situation in gabbroic complexes. The prin-
cipal index of this decrease is the systematic increase in the atomic fraction Fe2*/(Mg + Fe2*) of
the ferromagnesian minerals in the sequence gabbro to granite, but observed oxide phases also
support this conclusion.

Application of the reaction FeSiO, +1/6 o, -~ 1/3 Fe O, +8i0, to the rocks of the southern
California batholith shows that the oxygen fugacity P, may decrease by as much as 10 orders of
magnitude throughout the series and that this probably corresponds to a marked decrease in the

' activity ratio - O/:H of the melt.
2 2

The decrease in oxygen fugacity with differentiation asimplied by the mineral assemblages is
ascribed to the tendency for H, O to react more strongly with the silicate melt than does H , so
that the activity ratio of the melt systematically decreases. This same affinity of water for the
melt has the even more important consequence of increasing the solubilities of the quartzo-
feldspathic components more than those of the ferromagnesian components, so that the phase
boundaries are shifted toward lower liquidus temperatures. The result is that the courses of the
crystallization paths are directed intoaregion of quartzo-feldspathic rather than gabbroic liquids.

The possibility that the calc-alkali magmas may originate by mechanisms such as contamina-
tion or partial melting of crustal rocks is also discussed. It is, however, concluded that the
physicochemical data, including both bulk chemical compositions and mineral compositional
variations throughout the series, indicate that crystallization differentiation of a basaltic or basic
magma is the most likely mechanism. This is shown particularly by the lack of evidence for

‘ addition of KO- and Al O -rich crustal rocks to the magmas, although these rocks abound in the
area. Also there is no evidence of the addition of material of diverse oxidation states such as
might be expected if assimilation were widespread.
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HYDRATION, OXIDATION, AND THE ORIGIN
OF THE CALC-ALKALI SERIES

by

Robert ¥. Mueller
Goddard Space Flight Center

INTRODUCTION

Two major chemical variation trends leading from basaltic to granitic magmas have been
generally recognized. The better documented of the two, as exemplified particularly by the
Skaergaard complex of East Greenland (Reference 1), may be called the 'gabbroic trend." It has
been shown that this trend, which results in the formation of ferrogabbros and a small granite
residue, is the consequence of the fractional crystallization of basaltic magma. The other, usually
called the '"calc-alkali trend,' results in the more familiar series gabbro-diorite-tonalite-
grandiorite-granite, which particularly characterizes the great Mesozoic batholiths of the western
Americas, but which is also known throughout the world. The mechanism of the formation of the
calc-alkali series is controversial, although the most frequent suggestion has been that it too
results from the fractional crystallization of basaltic magma.

The problem of these diverse trends has been clearly recognized for at least 40 years, and it
formed the subject of a spirited controversy between Fenner and Bowen—in fact, the absolute iron
enrichment represented by the gabbroic complexes is sometimes referred to as the "Fenner trend."
The problem was, however, most clearly stated by Bowen, Schairer, and Willems (Reference 2),
who recognized that the answer must lie in identifying the physicochemical factors which deter-
mine whether the magma becomes enriched in its quartzo-feldspathic or its ferromagnesian
components. They also recognized that, in conformity with then-existing physicochemical data,
relative enrichment in iron, as expressed by the atomic fraction Fe2*/(Mg + Fe2*), was charac-
teristic of both series. Unfortunately, at the time nothing was as yet known of the Skaergaard
complex, which is the best example of absolute iron enrichment as advocated by Fenner
(Reference 3).

The absolute iron enrichment in the gabbroic sequence is the result of the accumulation in
the magma of Fe, SiO, and FeSiO ; under anhydrous and increasingly reducing conditions. As was
demonstrated by Osborn (Reference 4), when little or no source of oxygen, such as water, exists,
the magma behaves like an experimental system under the constraint of constant total composition
of the condensed phases. Under these circumstances, only minute guantities of the condensed



system need react to decrease the oxygen significantly, and the fugacity steadily decreases as
cooling and crystallization proceed. As a consequence, the iron component remains in the melt
as soluble ferrous silicate and does not precipitate as Fe ;O,. This retention of the ferromag-
nesian component, which is increasingly enriched in FeO, is thus in approximately a constant
ratio to the retention of the feldspathic component, which is increasingly enriched in albite.
This may be seen by an examination of the successive Skaergaard liquids, as deduced by Wager
and Deer (Reference 1).

The importance of the oxidation state of iron in basaltic magma was first stressed by
Kennedy (Reference 5). He also believed (Reference 6) that the gabbroic trend was characterized
by high and increasing values of FeQ/ Fe, O, while in the calc-alkali trend the opposite was true.
This idea was further pursued by Osborn (Reference 4), who concluded that the calc-alkali trend
was distinguished by a constant or even increasing oxygen fugacity during differentiation and that
this was a direct result of the high water contents of these magmas. This conclusion of Osborn's
was reached largely by analogy with the experimental system MgO-FeO-Fe, O ,-SiO, (Reference
7), in which an impressed constant oxygen fugacity gives rise to a differentiation trend leading to
silica enrichment of the melt through precipitation of ferrite. However, Osborn made no attempt
to assess the role of the quartzo-feldspathic component of basaltic magma, nor did he attempt to
show that high water content of a magma does indeed lead to highly oxidizing conditions. Since
Osborn's study there have been several papers purporting to show that the oxygen fugacity does
indeed behave as Osborn proposed. It is therefore of some importance to see whether this con-
clusion accords with observed features of natural assemblages.

The writer believes that the resolution of the problem of diverse differentiation trends lies in
a knowledge of the details of the interaction of volatile constituents and the silicate melt. Quite
obviously there is a close connection between the oxygen, hydrogen, and water fugacities and be-
tween the activities of these constituents in the melt. The first question that needs to be settled
is whether these interactions lead to oxidizing or reducing conditions during differentiation. The
second question concerns the effect of these volatiles on the course of differentiation itseld.

The answer to the first question may be sought in the compositions of those minerals which
are found in the calc-alkali series rocks and which reflect magmatic or near-magmatic condi-
tions. These compositional data may be evaluated in terms of the energetics of certain pertinent
reactions for which thermochemical data exist. The oxidation state so determined may, as a first
approximation, be compared to the pure system O _-H  to see how the oxygen fugacity P02 in this
system changes over the pressure and temperature ranges involved. The-same system may then L
be examined in terms of possible interactions with the melt to see what modifications these may

impose.

The answer to the second question must be sought in the interactions of hydrogen and water
with the melt so that the relative importance of these interactions can be assessed. To that end
we make use of the available experimental data and theoretical models.

Finally, it will be necessary also to examine the evidence that the calc-alkali series is
primarily the result of the differentiation of a basaltic magma rather than of some such process

as contamination or fusion of crustal rocks.



CHARACTERISTICS OF THE CALC-ALKALI PLUTONIC AND VOLCANIC COMPLEXES

Southern California Batholith

Some of the best-known examples of calc-alkali series rocks are to be found in the large
batholiths and volcanic provinces of western North America. However, only a few of these com-
plexes have been studied in sufficient detail for our purposes. The southern California batholith
is one of the largest of the complexes, and its northwestern end has been subject to the most
thorough mineral chemistry study by Larsen and his co-workers. This part of the batholith,
which was mapped in some detail by Larsen (Reference 8), appears to be predominantly of an
igneous character, although it contains numerous screens of prebatholithic metasediments and
metavolcanics. Toward the east, however, the metamorphics become much more abundant, and
the batholith assumes a less clearly igneous character (Reference 9).

According to Larsen (Reference 8), the area studied by him consists of over 20 separate
plutons ranging through the series gabbro-tonalite-granodiorite-granite. Furthermore, field
studies indicate that this is also the time sequence of intrusion. In terms of the areas occupied
by the various rock types, Larsen found the following distribution:

Rock Type Percent
gabbro 7
tonalite 63
granodiorite 28
granite 2

Consequently, the average composition of the batholith in this region corresponds to tonalite.

Many of the features such as lithologic boundaries, gneissic texture, and the direction of
extension of basic inclusions show parallelism to each other and to the regional features such as
the trend of the coast line and major faults. The closely folded character of the prebatholithic
metamorphic rocks (Reference 9) indicates intense deformation; and, although some of the intru-
sions appear to be postkinematic, there is evidence that regional deformation during late stages of
consolidation was widespread. As noted by Hurlbut (Reference 10), this is particularly well shown
by the regionally oriented basic inclusions which characterize the tonalites. In the eastern part of
the batholith, this regional synkinematic picture is even more pronounced in the marked develop-
ment of gneissic texture (Reference 9),

The igneous character of the western part of the batholith is attested by numerous criteria
such as the following: (1) evidence of highly fluid flow in the form of heterogeneously mixed
xenoliths of various kinds, (2) sharp zoning of plagioclzise and analogous features in other minerals
which are normally found when crystals precipitate from a melt, (3) smooth variation of the oxide
abundance throughout the sequence, and (4) systematic changes in mineral composition which, as
will be seen 1ater,,are compatible with igneous differentiation. This last point is of particular



interest, since these mineral compositional variations provide us with the index of change in such
parameters as the oxygen fugacity.

The general character of the southern California rocks may be seen in Tables 1, 2, and 3. In
these tables particular emphasis has been placed on the San Marcos gabbro, the earliest member
of the sequence and the one which presumably resembles most closely the hypothetical parent
magma. Outstanding features of gabbros of the San Marcos variety are the combination of very
calcic plagioclase and abundant hornblendes (Table 2) and the high normative feldspar contents
(Table 3) when compared with many other gabbros and basalts. Of special interest is the very
anorthite-rich olivine gabbro, or troctolite (No. 1). According to Miller (Reference 11), this
gabbro represents a crystallized liquid as attested by a unique mosaic texture, similar dike rocks,
and other criteria. If this is true, this troctolite may be the crystalline equivalent of the parent
magma. Another feature of particular interest is the very low K, O content of the San Marcos
gabbro as a whole and of the representative types (Table 1). These low K 2O contents also char-
acterize the whole sequence of rock types ranging from gabbro to granite, as may be seen by

Table 1

Chemical Analyses of Representative Types and Average of the San
Marcos Gabbro, Southern California Batholith (Reference 8).

__M)' 1 2 5 Average
Salf;:f_’le SLR M354% EI 303% SLR M334* Gabbro
sio, 42.86 45.78 52.12 50.78
TiO , 0.18 5.13 - 0.33 0.77
Al O, 24.94 15.59 20.88 20.40
Fe, O, 2.13 1.89 0.34 1.75
FeO 6.14 10.92 6.52 6.20
MnO 0.06 0.17 0.09 0.09
MgO 9.28 7.20 6.90 6.49
Ca0 13.08 11.96 10.14 10.24
NaO 0.76 1.00 2.40 2.20
K,O 0.09 0.42 0.25 0.45
H,O" - 0.03 - —
H,O0* 0.78 0.36 0.22 0.65
P 2 O s none tr none 0.05
S 0.03 — none 0.04
co, — - — —
Zr0 2 — — — —

100.33 100.45 100.19 100.11

*For rock names see Table 2.
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Table 2

Modal Mineral Content and Mineral Compositions of Representative Rocks of the Southern California Batholith (Reference 8).

Index No, 1 2 3 4 5 6 ki 8 9 10 11 12 13 14
SLR
El SLR SLR SLR 138 E138- SLR Ra 135 E138 E138
SLR SLR SLR El
303 299 M334 1016 134 2242 167 265
Sample M354 218 2298 230 reen (Woodson
No. (hornblende (hornblende (typical (Bonsall (Lakeview (Bonsall Mountain  (Rubidoux (Rubidoux
(troctolite) (norite) (norite) (norite) -
gabbro) gabbro} norite) Tonalite) Tonalite) Granodiorite} Granodiorite) Granite) Granite)
Tonalite)

Quartz - tr 1 - tr 7 10 12 24 36 32 30 33 34
K-Feldspar - -~ - - tr - - - - 2 14 21 32 36
Plagioclase 67 47 61 51 65 58 52 53 48 53 44 42 34 26
Biotite - - 1 1 tr 6 16 14 12 6 7 5 2 2
Hornblende 10 34 12 42 1 22 3 18 11 1 2 1 1 tr
Augite - 5 10 5 4 3 8 - 3 - - 1 - -
Hypersthene 2 8 8 - 28 3 9 - -~ - - - 0.5 -
Olivine 18 - - - - - - - - - - - - -
Fe-Ore* 1 8 8 2 2 1 2 . 2 + - - + N
Spinel 1.5 ~ - ~ - - - - - ~ - - - -
Iddingsite 0.5 - - - - - - - - - - - - -
Undifferentiated
Accessories * > * - * * M 2 * 1 1 1 * *
An in plag. 93 86 59 70 64 49 50 47 38 35 32 25 21 18

orthopyroxene - - - - 0.346 — - - - - - - 0.768 -

Fe2*
—— _hornblende 0.231 - — - - 0.3712 — 0,408 0.408 0.447 0,437 0.524 0.745 —
‘Mg + Fe2* : i
L biotite } - - - - - - 0.457 0.450 0.463 0.500 | 0,509 J 0.587 ‘ 0.723 I 0.782 J
-

+Indicates that mineral is present,

*Magnetite and Fe-Ti oxides.



Table 3

Weight Norms of Rocks from the Southern California Batholith
(Larsen, 1948).

Index No. 1 2 3 4 - 5 6 7
Sample | SLR | El | SLR | SLR | SLR | SLR | El | ilvi/f:ffos

No. M354 | 303 | 218 | 299 | M334 | 229B | 230 Gabhre
Q - 2.28 | 138 | — 1.26 | 5.76 | 9.24 3.18
or 0.56 | 2.72 | 0.56 | 1.67 | 1.11| 6.67| 8.34 2.22
Ab 8.91 | 8.38 | 23.06 | 16.24 | 20.44 | 23.44 | 24.63 18.34
An 57.27 | 36.97 | 36.97 | 44.20 | 45.59 | 35.03 | 27.52 41,98
Cor — — — — — — — —

Di 12.06 | 18.30 | 12.17 | 17.39 | 3.76 | 6.67 | 9.02 7.20
Hy 11.56 | 19.40 | 13.12 | 9.18 | 26.53 | 18.28 | 15.38 21.42
o1 1.90 | — - 6.01 | — — — -

1 1.82 | 9.73 | 3.04 | 1.52| o0.61| 1.37| 2.43 1.52
Mt 5.57 | 2.78 | 8.82 | 2.09 | 0.46 | 2.09| 2.78 2.55
Ap - - - 0.34 | — - 0.33 0.33
Py — - 0.24 | 012 | — — ~ -

comparing the variation diagrams with those of other calc-alkali complexes (Reference 8). It will
be seen that these characteristics, particularly of the gabbros, place drastic limits on the possible

modes of origin for these rocks.

Larsen (Reference 8) showed that, except for minor systematic differences such as those
mentioned above, the rocks of the southern California batholith yield smooth variation curves
which resemble closely those of other calc-alkali complexes. Also Nockolds and Allen (Reference
12) demonstrated that the triangular plot K ,0 +Na, O-Fe, O, + FeO-MgO for the batholith adheres
to the trend characteristic of the series elsewhere. Similarly, these systematic relations are also
shown by the triangular plot K,O +Na, O—FeO-MgO, as shown in Figure 1. This plot has the
advantage of exhibiting unambiguously the important parameter Fe 2*/(Mg + Fe 2*), which, as will
be seen later, varies directly in response to changes in the oxygen fugacity.

To the extent that the data points of Figure 1 represent successive liquids, a path of crystalli-
zation is defined by the curve, As has been frequently mentioned in the literature, this curve
differs strikingly from a similar plot for the gabbroic complexes. However, there is considerable
evidence that a complete spectrum of curves exists between the two extremes (Reference 13). It
is also apparent that the curvature exhibited is of the type expected when increasingly iron-rich
ferromagnesian silicates, whose compositions lie on the FeO-MgO join, separate from the melt.
If this is the case, the scatter of points on either side of the curve is seen as deviation from
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Figure 1—Variation in weight fractions for rocks of the Southern California and Idaho batholiths
(curve AC) and the Skaergaard complex (curve ABC). Numbers refer to specimens in Tables 1, 2,
and 3. Data from Wager and Deer (Reference 1), Larsen (Reference 8), Larsen and Schmidt (Refer-
ence 19), and Hietanen (Reference 17).

possible liquid compositions caused by (1) interactions with early-formed rocks, perhaps repre-
sented by cognate inclusions, or (2) varying proportions of liquid differentiate and accumulated
crystalline precipitates. We shall see, however, that there is little or no chemical evidence of

reaction with the country rocks.

As has frequently been stressed, such diagrams usually exhibit the greatest scatter near the
FeO-MgO join, since the rocks which fall in this region tend to represent crystal cumulates rather
than liquids. Thus the variation curve would ordinarily not be extended to the right of point A in
Figure 1. If, however, as was inferred by Miller (Reference 11), the troctolite (No. 1) represents
the liquid line of descent, the curve should be extended toward point 1 as shown. That some of the
scatter of Figure 1 is attributable to crystal cumulates is at least suggested by such specimens as
Nos. 2and 3, which exhibit abnormally high values of Fe2*/(Mg + Fe?*) because they contain large
amounts of iron-titanium ores (Table 2).
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Figure 3—Variation of ferrous/ferric ratios from minerals
of the Southern California batholith. Data from Larsen
and Draisin (Reference 14),

Figure 2—Variation of mineral compositions from the
Southern California batholith. Data from Larsen and
Draisin (Reference 14).

The systematic variation of Fe 2%/ (Mg + Fe2*) evident from Figure 1 is more informatively
displayed in Figure 2, which is a plot of the mineral phases involved (Reference 14). ' This figure
exhibits a similar increase in Fe2*/(Mg + Fe?*) as a function of the anorthite content for all ferro-
magnesian silicates. While it is unlikely that the coexisting minerals (as indicated by points with
the same horizontal coordinates) represent perfect equilibrium (Reference 15), it is clear that
equilibrium was approached to the degree that the mineral compositions kept essential pace with
each other as differentiation progressed. The steep slope and strong positive curvature of the
curves may be interpreted to mean that the ferromagnesian minerals were precipitating at an
increasing ratio to the precipitating plagioclase. We shall see that such behavior is to be ex-
pected if the liquidus temperatures of the feldspar and ferromagnesian components diverge,

Since there should also be a relation between the degree of differentiation and the ratio .
Fe2+/Fe?*, the latter has been plotted as a function of the anorthite content in Figure 3. It is
obvious that in this case the relationship is somewhat more complex, We shall see that such
behavior is not unexpected when account is taken of the complex coupled reactions involving ferric

iron both within the melt and in the cryatalline phases.

Sierra Nevada and ldaho Batholiths

These large complexes of multiple intrusions bear many resemblances to the Southern Cali-
fornia batholith. As with it, the time sequence of emplacement leads from gabbro to granite,
although the mean compositions in these cases are nearer granodiorite and quartz monzonite.



For the Idaho batholith there are similar areas of metamorphic gneisses exhibiting evidence of
widespread metasomatism (Reference 16) and of both synkinematic and postkinematic plutons
(Reference 17). However, there is evidence that much of the Sierra Nevada batholith is post-
kinematic in structure (Reference 18),

As pointed out by Larsen (Reference 8) and by Larsen and Schmidt (Reference 19), the oxide
abundances of both the Sierra Nevada and Idaho batholiths adhere to smooth variation curves very
similar to those of the Southern California batholith. There is also considerable quantitative
correspondence between the Idaho and Southern California rocks, as may also be seen from
Figure 1. However, the Sierra Nevada rocks appear to be slightly higher in K, O and differ
enough systematically so that they must be represented by a different variation curve, as is done
in Figure 4. A limited number of chemical analyses of the ferromagnesian minerals from the
Idaho batholith (Reference 19) indicate a trend similar to that shown in Figure 2. Although no
similar data are available for the Sierran rocks, it is clear that the ferromagnesian minerals of
the specimens represented in Figure 4 would also show this trend, since none of the rocks contain
enough Fe, O3 to make oxide phases a perturbing factor.

FeO

v vV vV \ \ \V4 AV AV \/

NaZO+KZO 0.5 MgO

Figure 4—Variation in weight fractions for rocks of the Sierra Nevada batholith. Data from
Bateman, et al. Reference 18). Dashed line is for Southern California and Idaho batholiths.



Other Plutonic Complexes

Although the writer knows of no additional mineral chemical studies of the scope of those of
Larsen and Draisin (Reference 14), a variety of data indicates that quite generally the parameter
Fez2*/(Mg + Fe2*) increases strikingly as differentiation proceeds. This is shown by a limited
number of mineral analyses from the small calc-alkali plutons such as the Garabal Hill-Glen Fyne
complex of Scotland (Reference 20) and the Guadalupe igneous complex of California (Reference
21). It is also shown by the more alkaline White Mountain magma series (Reference 22), A
similar variation diagram, virtually identical to Figures 1 and 4, is shown by the smaller Bald R
Rock batholith of northeastern Oregon (Reference 23). Then too, if a variety of chemical analyses
of ferromagnesian minerals, such as appear in Johannsen (Reference 24), for example, are
examined, it will be seen that on the whole the most ferrous-iron-rich representatives of each
species will be found in rocks which resemble late igneous differentiates. This is brought out in
particular by such granites as that at Cape Ann, Massachusetts, which has some of the most iron-

rich biotite recorded in the literature.

It is interesting also that the oxides which accompany the iron-enriched silicates are always
magnetic or iron titanium oxides in which hematite occurs only as a minor solution component,
For the Guadalupe complex (Reference 21), the iimenites show a marked increase in both
Fe2t/(Mg + Fe2*) and in Fe2*/Fe3* of the granites as compared with the same quantities in the

gabbros.

Volcanic Complexes

The rocks of the calc-alkali volcanic complexes usually exhibit variation curves very similar
to those of their plutonic equivalents, This is especially true for the rock-forming oxides of ele-
ments other than iron. It is also true for the triangular alkali-Fe,O, + FeO-MgO plots (Reference
12) and in many cases for plots such as Figures 1 and 4 as well. However, in detail there may be
great deviations from systematic change in Fe2*/(Mg + Fe?*) of the minerals. Thus Larsen and
Cross (Reference 25) noted that in the San Juan volcanics of Colorado the ferromagnesian minerals
of late differentiates are frequently enriched in MgO and Fe, O, and that the phenocrysts of horn-
blende and biotite are on extrusion altered to oxyhornblendes and oxybiotites. From such observa- i’
tions it can be inferred that, while the major differentiation trends of volcanic rocks might be
established under plutonic conditions, wide deviations may occur in individual specimens during .
this late extrusive history. This effect would be expected to be particularly strong in acid, water-
rich magmas which are undergoing vesiculation and disruption, since it may be shown (Reference
26) that under these circumstances the reactions involving hydrous ferromagnesian silicates are
oxidizing and lead to a decrease in Fe?2*/(Mg + Fe?*) in both the crystals and melt.

When, however, lavas are rapidly extruded and cooled with a minimum of volatile escape and
disruption, they may form phenocryst-bearing glasses in which the plutonic state of reduction has
been retained. This is the case, for example, for hornblende and biotite phenocrysts of glassy

10



flows in the San Juan rocks. It is also true for olivine and pyroxene phenocrysts in many acid
glasses of the British Isles and Iceland (Reference 27). In fact, in some of the latter rocks,
Fe2t/(Mg + Fe2*) of olivine exceeds 0.8, which, as will be seen later, corresponds to highly
reducing conditions.

Summary of Qbservations

It seems quite conclusive that in both the plutonic and volcanic calc-alkali complexes there is
a strong tendency for Fe?*/(Mg + Fe?*) of both the minerals and melt to increase systematically
through the sequence gabbro-granite {(and basalt-rhyolite) and that deviations from this trend in
certain volcanic rocks are easily understood. Furthermore, the characteristic oxide phases with
which the ferromagnesian minerals are associated throughout the sequence are ferrite- and
ferrous-iron-titanium oxides. Hematite is rare or lacking in the plutonic rocks, but may occur
as a near-surface oxidation product in volcanics.

In addition to these systematic mineral compositional variations, the calc-alkali series may
have local systematic bulk compositional characteristics, such as low K, O, which may serve as
useful indicators of the origin of the series.

OXIDATION STATES OF MAGMATIC MINERALS AND MAGMAS

Mineral Indicators of P,

Examination of a variety of igneous and metamorphic rocks has shown that the atomic fraction
Fe2*/(Mg + Fe?*) of the ferromagnesian minerals is a reliable indicator of the oxygen fugacity P
2
of the environment if proper account is taken of other components (Reference 26).

In the gabbroic rocks, which are undersaturated with respect to silica, the oxygen fugacity
may be related directly to the composition of coexisting olivines, pyroxenes, and ferrites (Refer-
ence 28) or alternatively to the coexisting iron-titanium oxides (Reference 29). In the silica-
saturated rocks such as characterize the calc-alkali series, it is possible also to utilize certain
reactions involving free silica. An example which is useful in the present case is the following:

orthopyroxene fluid ferrite quartz

. 1.0 .1 .
FeS1O3 + 3 0, - 3Fe304 + 8io, - (a)

It will be observed (Table 2) that all the phases which enter into this reaction are present in cer-
tain of the gabbroic rocks and the granite. Consequently, if (as we have every reason to believe),
these phases crystallized at solidus or near-solidus temperatures, they should give a reliable
indication of the oxidation state prevailing at the time crystallization occurred.
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The equation of equilibrium for reaction (a) may be written as

6PAV
log P, = - 6 log K, - 6 log X" + 2 log agl” + 37303k - (1)

The quantities which appear in this equation are defined as follows:

P, = oxygen fugacity
K_ = equilibrium constant, a function of the temperature only
Xpx = atomic fraction Fe2*/(Mg + Fe?*) in orthopyroxene
afr = relative activity of Fe O, in ferrite
P = the total pressure
Av_ = the difference in volume between the solid reactants and products
R = gas constant
T = absolute temperature in °Kelvin,
In Equation 1 it has been assumed that orthopyroxene behaves as an ideal solution in this tempera-
ture range (Reference 30). Unfortunately, there is no explicit way of evaluating o fr. It is known
(References 29 and 31) that in ferrite Fe O, is combined largely with Fe, TiO, (ulvospinel). The

data of Buddington and Lindsley (Reference 29) show that in the low temperatures (900° to 1000°K)
of magmatism, corresponding to water-rich granites and pegmatites, the mole fraction of Fe O,

in ferrite falls in the range of 0.8 to 0.9 and that at subsolidus temperatures it is somewhat higher.

We shall see that for all practical purposes these values correspond to . f* - 1. On the other
hand, for the high-temperature (~1300°K) ferrogabbros of the Skaergaard intrusion, these authors
inferred that this mole fraction lies between 0.3 and 0.2. It will be necessary to take into account
these effects on the activity of Fe, O, in evaluating Equation 1.

The orthopyroxenes and ferrites which enter into reaction (a) also contain constituents other
than the major components. Although the quantities of these constituents present in the ferrites of
the southern California rocks are not known, the orthopyroxenes from these rocks contain quan-
tities of Ca0O, Al, O,, Fe,O,, TiO,, MnO, and Na O which aggregate about 10 percent by weight.
For ferrites from other areas, the quantity of minor components is generally in the range of 5
percent. The effect of these constituents on the equilibria is difficult to evaluate, but element
distribution studies (Reference 30) indicate that for the pyroxenes this effect is largely one of
simple dilution. Buddington and Lindsley (Reference 29) disregarded these minor constituents by
recalculating the major components to 100 percent, and this is also done here. If indeed the effect
of the minor constituents is largely one of dilution, then Equation 1 shows that both X ?*and a "
will be reduced so that a certain amount of cancellation occurs.

Now av_ is approximately 4.8 cm?® under STP conditions so that the fourth term on the right
side of Equation 1 is approximately 0.152 P/T. Thus in the range of magmatic temperatures and
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for pressures up to 104 atm,log P, will shift
a maximum of approximately 1.5 units be-
cause of pressure variations. Since, as we
shall see,this is alsoless than the uncertainty
from K , we may omit the fourth term and
write Equation 1

log P, = -6 log K, - 6 log X*
2

+ 2 log aFfe" . (2)

We shall consider first the pure iron silicate
reference state when xr* = afr = 1. To
calculate x, as a function of T, we may use
the standard heats of formation for Fe,O, and
SiO, as compiled by Robie (Reference 32) and
the corresponding enthalpy and entropy
changes for these-same constituents and O2
as given by Kelley (Reference 33). Analogous
data are also available for FeSiO, from the
experimental work of Lindsley, MacGregor,

and Davis (Reference 34) and Lindsley, Spidel,

and Nafziger (Reference 35) and from the

calculations of Olsen and Fuchs (Reference
36). The results are given in terms of log K,
in Table 4 and are plotted in Figure5 in terms
of log PO:' The stability fields of phases in
the system Fe-O are also shown (by the outer,

unlabeled lines) for comparison.

Unfortunately, because of the unknown

uncertainties introduced by FeSiO,, it is not
possible to estimate the total uncertainty in
the data of Table 4. We may, however, reason
by analogy with the reaction

olivine olivine fluid
1 . 1 : 1
5Mg, Si0, + 5Fe,Si0, + § O,

pyroxene ferrite

= . 1
< MgSi0; + 3Fe,0, , (b)

Table 4

Logarithm of the Equilibrium Constant
of Reaction (a) As a Function
of the Temperature.

T°K Log K
400 9.96
500 7.40
600 6.04
700 4.80
800 4,11
900 347

1000 2.81

1100 2.47

1200 2.14

1300 2.00

1400 167 |

LOG Po2

—-80F 400
1

T°K 500
1 t 1
1 1 1 i 1 I l 1

26 24 22 20 18 16 14 12 10 8 6

1

600 700 800 1000 14007
1 EEENET

1/1 % 10

Figure 5—Variation of the oxygenfugacity as a function
of the temperature for some systems involving iron.
Curve (a) represents the oxidation of pure FeSiO, to
Fe; O,, while the other solid lines represent phase
boundaries in the system Fe-O. The dashed line refers
to the system H-O for the composition defined by
Py 0/PH:)) =10%. The curve (1)-(2), on the other hand,
is deemed a possible path of crystallization for calc-
alkali series magmas.
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which should exhibit essentially the same energetics as (a), since both reactions are dominated by
the very energetic oxidation of FeO to Fe,O,. If this analogy is followed, it is found that log X,
for 1400°K is 1.83 and for 400°K the corresponding value is 10.25. Comparison with Table 4 shows
that these values are close, even surprisingly close, to log K, for the same temperatures, and
this also holds for intermediate temperatures (Reference 28). Even the slightly greater values

of log K, are explicable in terms of the increased affinities imparted to reaction (b) by the con-
version of Mg, SiO, to MgSiO,. While this correlation does not prove that curve (a) is accurate,
it at least indicates that it is consistent with other, more accurate data.

The important feature of curve (a) in Figure 5 is not in fact its precise location, which might
be off by several units in log P02 , but rather its slope, or the run of the curve with temperature,
since this trend line establishes the relative changes we wish to measure.

It is clear from Equation 2 that as MgO is added or FeO subtracted (as in oxidation of FeO
to Fe O 4) X2* diminishes and log Po2 for reaction (a) is displaced toward the magnetite-hematite
boundary, as is quite generally true for reactions which involve ferrous-iron silicates and higher
oxide phases (Reference 28). This effect may be countered in part by the simultaneous presence
of Fe,TiO, in the ferrite so that a'* is thereby reduced from its value of unity in pure magnetite.
Although little is known of the behavior of o as a function of the composition, it is believed
(Reference 29) that unmixing occurs within the system. If this is true, then X '* < of7 < 1for all
stable configurations of the phase diagram, where X./\* is the mole fraction of Fe,O, in ferrite.
Consequently, X - should provide an upper limit for the effect of Fe ,TiO, on reaction (a).

We may illustrate the simultaneous effects of variations of FeSiO; and Fe, O, by considering
the early gabbroic differentiates typical of both the calc-alkali and gabbroic complexes. For these
differentiates, X2* ~ 0.2, a value which shifts log P02 of reaction (a) 4.19 units toward the
magnetite-hematite boundary (Figure 5). Now the diminishing of Fe, O, by the presence of
Fe, TiO, in ferrite will have the opposite effect. In fact, if we imagine X4 to assume the extreme
(nonequilibrium) value of 0.2, log Py for reaction (a) is moved a maximum of 1.4 units to lower
values. The contrast in the magnitude of the two effects is, of course, a consequence of the dif-
ferent coefficients of log o/." and log X2*; log P02 is more sensitive to changes in the latter.
However, such arbitrary changes do not satisfy equilibrium requirements, which demand the
simultaneous mutual adjustment of ilmenite, magnetite, and silicate compositions. In fact, the
data of Buddington and Lindsley (Reference 29) indicate that equilibrium values of X/* between
0.2 and 0.3 occur with quite iron-rich silicates at gabbroic liquidus temperatures. Thus there is
very good correspondence between their results from the iron-titanium oxides and deductions

from Equation 2.

Similarly, if we consider the effect of X.'*= 0.8 in the range of granitic liquidus temperatures,
we see that this value shifts log P02 of reaction (a) only 0.19 units closer to curve (a) than is im-
plied by ot~ = 1. Consequently, we should expect that the rocks of the southern California batho-
lith would plot above curve (a) and that with falling temperature they would approach this curve
asymptotically, as is indicated by the path (1)~(2) in Figure 5.
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In any event it seems likely that, in the differentiation series gabbro-granite, log P, must
decrease at least as rapidly as along curve (a). Furthermore, because of distribution relations
between coexisting minerals, this change in PO2 will be equally well reflected in the increase of
Fe2¥ (Mg + Fe2*) of other minerals, as is in fact implied by Figure 2.

Both the mineral compositional data and the rock variation diagrams thus indicate that, con-
trary to previous suggestions, the fugacity of oxygen decreases during crystallization differentia-
tion. Actually this effect might already have been anticipated, as was pointed out by Best and
Mercy (Reference 21), by considering the oxide phases which are present in granite. If P02 should
remain constant or increase during differentiation, it is clear from Figure 5 that the field of
hematite would be entered at approximately T = 1200°K, which corresponds to diorite or tonalite.
Thus all granites should be hematite-bearing, a relationship which is certainly far from true.

This result is also in agreement with those obtained from the iron-titanium oxides by Bud-
dington and Lindsley (Reference 29). Although many of their specimens suggest superimposed
regional metamorphism, values of log Po2 obtained from granites and pegmatites generally fall
in the range of -18 for T ~ 900°K and -14 for T ~ 1000. Furthermore, at least some of these
granites contain very ferrous-iron-rich silicates, so that they correspond rather closely to curve
(a) of Figure 5.

Although Best and Mercy (Reference 21) pointed out the above anomalies with respect to the
oxide phases, their interpretation of the Guadalupe complex differs in important ways from the
one which is adopted here. One reason for this difference is that they attempted to assign one
oxidation state to the whole complex without considering the effect of temperature change and
differentiation as reflected in the fraction Fe2¥/ (Mg + Fe2*). The necessity for taking this effect
into account will be equally apparent when the melt is considered.

Oxidation States of Silicate Melts

There are various ways in which the oxidation states of melts may be discussed; the one
chosen is merely a matter of convenience. However, we are concerned here not only with the
interactions of the anhydrous oxide components but also with the dissolved volatiles and most
particularly with those in the subsystem H-Oj; although other species involving sulfur, carbon,
etc., will be present.

We shall consider first the behavior of the subsystem H-O in isolation from the melt to see
how its state of oxidation depends on the temperature and the pressure.

The pertinent reaction then is

gas gas gas
2H,0 = 24, + O, . (c)

If the composition lies between H,O and O, , corresponding to a high state of oxidation not
ordinarly attained in petrologic systems, then it is apparent that the oxygen fugacity P02 will be
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approximately proportional to the gas pressure. If, however, the composition of the system lies
between H, and H,0O, as is actually the case in most plutonic environments, then we proceed as
follows: Let g equal the number of original moles of H , in excess of the hydrogen in 2H,O and a
the number of moles of O, formed by reaction (c). Then, if a perfect gaseous mixture is assumed,
the equation of equilibrium may be written as

- _ (20 +B)\?
K. = P2 Po2 - (2-2a> l302 (3)

If o is assumed to be negligible compared to 38 (as is usually the case), then

- =P, (4)

so that p, is inversely related to the square of the excess hydrogen but is independent of the total
2

pressure,

On the other hand, if 8 is negligible compared to o, so that virtually all O, and H, come from
the decomposition of water, it may be shown that

K (Z29(52) - », (5)

a

where P is the total gas pressure. It is clear that in this case the extent of decomposition a, and
hence P, , is a function of P as well as of the temperature.
2

If we turn to the most significant case, that represented by Equation 4, we may use thermo-
chemical data (Reference 37) to calculate log P02 as a function of T for any given values of
P“zO/PHz' This function, which is nearly linear on the 1/T scale, is shown for (PHZO/PH2> = 104 in
Figure 5. In general, such curves of constant PHZO/PH2 ratios are subparallel to the phase boun-
daries and reaction curves such as (a). Consequently, it might be expected that, in systems dom-
inated by gases in the composition range H,—H, O, log P02 would drop markedly with the tempera-
ture, so that fluids of this type are far from oxidizing in character when compared to those invoked

by Osborn (Reference 4).

This picture will, of course, be modified by the fact that the gases may deviate considerably
from perfect mixtures, especially through interaction with such species as SO ,» H,8, CO,, CO,
etc., in the natural system., Indeed Nordlie (Reference 38) has shown, through corrections of
natural gas analyses from Hawaiian volcanoes, that SO, and CO, are as important as H, O just
before basalt is extruded. We shall find, however, that there is evidence that the role of water is
greatly enhanced as differentiation proceeds.
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We must now consider what happens when the subsystem H-O interacts with the melt, a
process which will further modify the conclusions arrived at above. For this it is instructive to
consult the work of Wasserburg (Reference 39) and of Shaw (Reference 40) on the energetics of
such melts.

In his study, Wasserburg found that the depression of the melting point in the system
NaAlSi, O,—H 0O, as given by the data of Goranson (Reference 41), could be accounted for if it
were assumed that H2O reacted strongly with the silicate component according to the following
scheme:

Hzo+[—31—o—51—}~[—s‘i—OHHo—S:i—], (d)
[ |

in which the bridging oxygen in the Si-O framework is replaced by OH., Under these circumstances,
the chemical potentials of H, O and NaAlSi, O, are given by the following expressions:

XH20 fHZO
= ° ,Py + RT 1 T ow 6
Hu,0 Hu,0 {T ) n XHZO Xy (6)
and
L Xan fan
Pap = Mgy (T,P) + rRTIn Xy o * Xy (7

In these expressions, the quantities .°, X, and f, represent the standard chemical potentials,
mole fractions, and activity coefficients, respectively, in the melt; and r is the number of bridging
oxygens per formula unit. In his original development, Wasserburg (Reference 39) found that the data
could be approximated with f, , = f,, =1, so the solution as defined by the model was essentially
ideal. Under this interpretation, H, O interacts with the Si-O framework of the melt about as
energetically as the oxygen does, so there is no excess free energy when H, O breaks the Si-O
bridges according to reaction (d). However, examination by Shaw (Reference 40) of these and
additional data in the system CaAl, Si, O —KAISi O —NaAlSi, O,-5i0,H, O found that generally

a negative excess energy term is required to fit the data so that the f's are less than unity. Thus
there is evidence that generally the interaction of water with the silicate melt is even more
energetic than is implied by the ideal dissociation model of Wasserburg.

There is no corresponding evidence for the behavior of H, in silicate melts, but we shall see
that there is considerable experimental evidence that generally the ferromagnesian silicates react
less energetically with water than do the quartzo-feldspathic constituents as discussed above.
However, there is an important reaction involving both H, and H,O which directly influences the
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state of oxidation:

melt melt melt melt

H, O + 2FeO = 2Fe0,,, + H, ° (e)

The equation of equilibrium for this reaction is

% o Oreo 2

aH: K.~ <ﬁ> , (8)
where the a's refer to the relative activities in the melt of the components indicated by the sub-
scripts. We have seen that H,O reacts strongly with the melt and that this tendency is likely to
increase as differentiation proceeds. We know of no corresponding reaction for H,; and, although
reaction (e) tells us that this volatile can react with ferric iron, it is clear that during differentia-
tion this possibility decreases with the steady decrease in the absolute quantity of ferric iron. As
a consequence, it seems highly likely that the ratio Oy o [, decreases during differentiation and

that log Po, must decrease faster with temperature than the line defined for constant Py o /P"z'
Thus is it likely that a curve something like (1)-(2) of Figure 5 would be adhered to.

Although log P, may well have decreased as stated above, the behavior of the Fe?*/Fe3* ratio
is more difficult to deduce. In the first place, the behavior of K, is not known with any confidence;
and, second, it might be expected that both FeO, , and FeO would form somewhat non-ideal solu-
tions in the melt. It is easy to show that equally serious complications arise when the Fe2!/Fe3*
ratios of the mineral phases are considered, for in this case the reactions involve complicated
coupling between the species FeO, FeO, ,, AlO, ,, and 8iO,. This is why the relatively large
scatter of Fe2*/Fe3*in Figure 3 is not unexpected and why the parameter Fe2*/(Mg + Fe?*) is
more suitable than Fe 2*/Fe 3*as an index to the oxidation state of the system.

There are only a few experimental data which bear on this problem. Some of the most perti-
nent of these are the experiments of Fudali (Reference 42) to determine the equilibrium oxygen
fugacity of various basalts and andesites. In these experiments, which were carried out at 1473°K
at one atmosphere total pressure, gas mixing apparatus was used to achieve a variety of oxygen
fugacities over molten specimens of basalt and andesite. The resulting Fe?%/Fe3* equilibrium
ratios were then compared with the original ratios of the rocks to obtain the P02 under which the
rocks formed. Although there are many complications in such a procedure, it has been pointed
out (Reference 26) that the oxidation state of an extrusive magma is frequently quite different from
the original state under plutonic conditions. In fact, when Fudali's observed values of log P02
are plotted against SiO,, there is only a scatter of points about a horizontal line. It is possible
that this failure to observe a clear-cut trend is attributable to a lower temperature of crystalliza-
tion of the original andesites as compared with the basalts. However, it is also possible that the
andesites were more subject to interaction with the atmosphere because of greater viscosities and

volatile contents.
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CONSEQUENCES OF THE DIFFERENTIAL SOLUBILITIES OF THE SILICATES

We have already discussed the interaction of water and the silicate melt and have used it to
account for the progressive reduction of the magma as differentiation proceeds. We must now
consider what effect this interaction has upon the course of differentiation itself. This question
may best be discussed in terms of the influence of water on the solubility of the silicates in the
melt,

The effect of water on the solubilities of certain silicate systems is well known, as docu-
mented in the papers already referenced. In particular, the system CaAl, Si, O,-KaAlSi, O,
NaAlSi, O,-8i0,—H O shows profound depression of the liquidus temperatures as the quantity of
dissolved water is increased (References 43 and 44). However, in the present case, we need to
compare the solubility of this quartzo-feldspathic subsystem with that of the ferromagnesian sub-
system. Fortunately, a direct comparison is afforded by the experiments of Yoder and Tilley
(Reference 45) on natural basalt systems. These experiments show clearly that, whereas water
pressure increases the solubility of plagioclase profoundly, the effect on the ferromagnesian com-
ponents is much more modest. For example, in the case of an olivine tholeite basalt, 2,000 bars
H,O pressure depresses by as much as 250°K the temperatures at which plagioclase begins to
crystallize, while the corresponding temperatures for the crystallization of olivine and pyroxene
are depressed less than 100°K. Furthermore, although the greatest depression of these tempera-
tures occurs in the first 2,000 bars, the disparity between the plagioclase and ferromagnesian
liquidus temperatures continues to increase up to at least 10 kilobars.

A direct comparison in the simpler system CaAl, Si, O ,—CaMgSi, O.-H,O is also given by
the experiments of Yoder as quoted by Clark (Reference 46). A diagram therein shows that 5,000
bars water pressure depresses the melting point of diopside somewhat less than 100°K, while the
corresponding depression for anorthite is in excess of 300°K. This has the effect of shifting the
eutectic markedly toward anorthite, so that the stability field of this mineral is considerably de-
creased. For our purposes it is informative to examine this behavior in terms of the previously
discussed energetic model. The reactions are:

crystal liquid
anorthite < anorthite (£)
and
crystal liquid
diopside < diopside (g)
which have the equilibrium equations
Kan = X L, ©)
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and

Ky = X AL (10)

Here X and XJ; are the mole fractions of anorthite and diopside in the melt, and the f's are the
corresponding activity coefficients.

Equations 9 and 10 may be written in an alternative way that further elucidates the situation:

Ko = (X2)" (1)

Ky, = (X&), (12)

where n and m are small numbers but not necessarily integers. It may easily be shown that if the
solutions are of the ideal dissociated type discussed by Wasserburg (Reference 39), the chemical
potentials of the components are of the form of Equation 7. In the present case, which refers to
the feldspar structure, n is an integer, while the X* terms refer to the mole fractions of dissoci-
ated silicate components (Reference 40).

We may apply Equations 9 and 10 or 11 and 12 to an isothermal section above the cotectic
temperature of the T-P, ,-X surface. Then K, and Kj; refer to the same temperature and we
2

L
fDi KAn ~ xAl;m . (13)
—L -
fAn KDi XDLi

Although we do not know precisely the effect of pressure on K, | /KDi , we may infer that it will be
small relative to the effect of water already discussed, since it depends upon the volume change
produced by melting of the pure constituents. The effect of hydrostatic pressure on the melting
relations of the system anorthite-albite-diopside has been discussed recently by Lindsley and
Emslie (Reference 47), who found that the phase boundary was shifted toward anorthite. However,
no simple correlation can be made between this behavior of the anhydrous system and the effect
of water, since, as we have seen, the latter constituent completely changes the structure of the
melt. In any case, the effect of pressure on the anhydrous system is less than 1/3 that of water

may write

discussed above.

It is clear from the experimental data of Yoder (Clark, Reference 46) that as Py o is in-
creased X% /XDLi must increase, since the anorthite liquidus is displaced more toward anorthite
than the diopside liquidus is toward diopside. Consequently, if X, | /KDi decreases only slightly
because of hydrostatic pressure, fJ; / f,L must increase to adjust to the relatively large increase
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in xL /x 2: - In terms of Equations 11 and 12, this relationship corresponds to a faster growth of n
than of m with PHZO. In energetic terms, it is equivalent to a greater increase in negative excess
free energy of solution for anorthite than for diopside. We thus see a direct connection between
the differential solubilities of the feldspathic and ferromagnesian components and the energies of
their respective interactions with water. Indeed there is further experimental evidence from the
system CaAl, 8i, O ,NaAlSi, O,—KA1Si,0,—H, O (Reference 44) that an even finer distinction can
be drawn between the solubilities of anorthite and albite to show that the latter component will tend
to be relatively more concentrated in the water-rich melt,

It is clear from the foregoing that although the differentiation trends in the gabbroic and calc-
alkali series are not easily distinguishable in terms of oxidation states, the effects of different
water contents on the mineral solubilities should be very great indeed. Particularly, the greater
tendency for water to react exothermically with the quartzo-feldspathic constituents than with the
ferromagnesian constituents and the tendency for this effect to increase with acidity bring about
shifts in the phase boundaries. The crystallization paths then lead to a relative enrichment of
these constituents in the melt. It is suggested here that it is principally this effect which distin-
guishes the calc-alkali and gabbroic trends of differentiation,

It should be mentioned here that Yoder and Tilley (Reference 45) called upon essentially this
mechanism to explain anorthositic magmas as derived from partial melting of amphibolites. In
the presence of Ca-amphiboles with higher liquidus temperatures than plagioclase, there will be a
tendency for the melt to become enriched in albite. Presumably such partial melting could also
give rise to members of the calc-alkali series by subsequent fractional crystallization of the
anatectic melt. However, we have seen (Tables 1, 2, and 3) that, in at least some of the large
calc-alkali complexes, amphibolitic gabbros are early cumulates or equivalents of parent magmas
of the series.

Contrary to the conclusions arrived at here, Best and Mercy (Reference 21) attribute the
reducing tendency in the calc-alkali series to volatiles other than H, and H,0. This is surely a
misunderstanding, since we have seen that the oxidation state is uniquely defined by the ratios
aHZo/aH2 regardless of the presence of other constituents. However, these other constituents are
related to O, by their own reactions and must agree with the oxidation state implied by a, 2o/aH2
under equilibrium conditions. Also these authors emphasize the effect of hornblende and biotite
on iron enrichment. Although it can be shown that the crystallization of hydrous minerals will
tend to decrease % o /aHz , their appearance is probably more of a symptom of hydrous conditions
than a controlling factor in oxidation.

CORRELATIONS AND GENERAL CONCLUSIONS

The systematic variations in the mineral chemistry of the calc-alkali series rocks and the
meaning of these correlations in terms of the degree of oxidation and hydration have important
implications with respect to the origin of the series.
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One of the most important questions which arises is whether the series results from crystal-
lization differentiation or through some other mechanism such as magma mixing, assimilation of
cognate inclusions or country rock, or partial fusion of crustal or subcrustal rocks. It has been
pointed out by numerous observers that, as we have seen, the quantity of gabbro and other basic
rocks in calc-alkali and analogous alkaline complexes is generally small when compared to that
of acid or intermediate rocks. Since it is well known that a large volume of basaltic magma is
required to produce the late differentiates, this fact is usually used as an argument against their
origin by crystallization-differentiation of a basaltic magma. Also, as we have seen, screens of
metasedimentary or metavolcanic rocks of prebatholithic age are very common within the bath-
olithic plutons, so it might be supposed that opportunity for contamination through assimilation
might be very great indeed.

Fortunately from the standpoint of simplicity, neither of the foregoing suppositions turns out
to be true. In the first place, it has been pointed out by Chapman and Williams (Reference 22)
that the abundances of the various igneous rock types in any area would be a function of the densi-
ties of the corresponding magmas. That the same is also true of solid rocks has been stressed
by Ramberg (Reference 48). He has concluded, through scaled experimental models and theoretical
arguments, that solid granitic plutons should rise like salt domes through denser crustal rock and
that the associated structures are similar to those frequently encountered in the vicinity of batho-
lithic plutons. Thus it seems clear that, although vast volumes of gabbroic or basaltic magmas may
be involved in the production of the calc-alkali batholiths, little or no sign of this relationship may
appear in the upper levels which are ultimately exposed by uplift and erosion. Consequently there
is no necessary relation between the volume of gabbroic rocks exposed and the differentiation
history of the batholith.

Similarly, when we consider the possible contamination of the batholithic magmas through
assimilation of country rocks, we find that the evidence is largely negative. Although, as was
noted by Nockolds (Reference 20) for the Garabal Hill-Glen Fyne complex, such contamination may
be apparent locally, it is seldom sufficient to have an important effect on the chemistry. That the
quantity of assimilation was minor for the southern California batholith is strongly indicated by
the chemistry of the San Marcos gabbro. Although these gabbros are characteristically intrusive
into pelitic country rocks, we have seen (Table 1) that they are in fact lower in K,O than the
average tholeiitic basalt. And this is true in spite of the fact that the high-temperature hydrous
magmas that they represent should have been, of all members of the series, the most capable of
assimilating country rocks. Unfortunately, this criterion cannot be easily applied to rocks later
in the series, since these have high K2 O contents by virtue of the differentiation process. How-
ever, Larsen's (Reference 8) variation diagrams show that a relatively low K , O trend character-
izes all the rocks of the southern California batholith. Also, calc-alkali series rocks seldom show
a marked enrichment of Al, O, in late members of the subsequence; if this showing did occur, we
should expect to find cordierite- or sillimanite-bearing granites to be quite common,

When we consider the possibility of deriving the calc-alkali series by the assumption of basic
cognate inclusions by granite magmas, we also encounter difficulties. Although the reactions
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involved may be exothermic, much liquid is consumed in the process (Reference 49). Moreover,
the products of such a process should lie on straight-line variation diagrams quite unlike Figures
1 and 4.

Contamination or partial fusion of crustal rocks to yield the observed series would also have
to account for such systematic variations in log P02 as are implied by Figure 2. But we have, in
fact, little reason to believe that such rocks would be of constant or systematically varying oxida-
tion state. Even less likely would be the near-duplication in widely separated regions of the
patterns represented by Figures 1 and 4.

We therefore conclude that the chemical evidence is greatly in favor of an origin of the calc-
alkali series by crystallization differentiation of a basaltic or more basic magma and that such
differentiation occurs chiefly at depths at which the common crustal rock-forming minerals such
as feldspar, pyroxene, and olivine are stable. The data of Yoder and Tilley (Reference 45) on the
upper stability limits of hornblendes indicate that the amphibolitic gabbros probably crystallized
at water pressures of 2,000 bars or more, and it seems likely that water pressures in the late
differentiates were even greater.

It has been suggested (Reference 50) and shown to be theoretically feasible (Reference 15)
that successively more siliceous magmas can be derived by partial fusion of a high-pressure
assemblage consisting of garnet and pyroxene. Recently experimental evidence which appears to
confirm this theory was invoked by Green and Ringwood (Reference 51) to derive the calc-alkali
series by partial fusion of quartz eclogite. It is beyond the scope of the present paper to evaluate
these results, and it is not the intention of the writer to deny that some members of the calc-alkali
series might at times have originated through such deep-seated anatexis. However, in the group
of rocks examined—and these represent some of the most extensive calec-alkali complexes known—
there is ample evidence for crystallization differentiation of a basaltic magma.
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